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論文内容要約 
Climate change has exerted negative impact on ecosystems. Many studies focus on a single 
environmental variable (temperature or CO2 concentration). Since changes in climatic conditions will 
not occur independently of each other, but rather simultaneously, it is important to consider how the 
interactions of temperature and CO2 impact the ecology of freshwater. Particularly, little information is 
available on the effects of climate change with increase in temperature and carbon dioxide (CO2) on the 
internal dynamics of food webs within freshwater ecosystems. The phytoplankton-zooplankton link 
plays a crucial role in material cycling and energy transfer. Hence, it is considered that climate change 
can affect the energy transfer between primary producer and consumer in aquatic ecosystem, further 
higher trophic levels, such as fishes, shells, shrimps, etc. The purpose of this study was to investigate 
combined effects of temperature and CO2 on carbon transfer in freshwater phytoplankton and 
zooplankton communities. 
In this work, temperature was treated at 20, 25 and 30°C under two different partial pressure of CO2 
(390 and 1000ppm) to simulate the climate change at the end of this century. Three worldwide and 
typical freshwater algae Scenedesmus acuminatus (green alga), Cyclotella meneghiniana (diatom) and 
Microcystis aeruginosa (cyanobacteria) were mono and mixed cultured in flow-through chemostats 
with temperature and CO2 treatments. The algae were grown in 1.5L continuous culture system. In 
this system, sterile COMBO medium was introduced to an actively growing culture at the rate of 
150mL d−1 .The rate of medium input equaled that of output of spent medium and cells. The glass 
vessel was used as chemostat to prevent light extinction through the culture and light limitation with 
increase in biomass. The vessel was set in water bath that kept the culture temperature at a certain 
temperature. Light was supplied continuously with fluorescent lamps at photon fluence rates of 
60μmolE m−2 s−l and a 12/12 h light/dark cycle. Standard air with appropriate partial pressure of CO2 
was carried from gas cylinder into the culture in the vessel through the air inlet tube connected to an 
air filter. At the end of this inlet tube, an aeration stone that was placed at the bottom of the vessel to 
diffuse CO2 throughout the culture medium by bubbles. The culture medium was aerated at a rate of 
200 mL min−1. Three monocultures for the different algal species and a mixed culture of these algae 
were performed over a period of 15 days. Each treatment was conducted in triplicate with an 
inoculation density of 3.5×104cells·L−1. When algal abundance in chemostats reached a saturation level 
after 9 days, algal suspension was pumped into another chamber at a rate of 150mL d−1. At 12 days, 30 
neonates of Daphnia magna (born within a 3-day time span from a single female) were introduced to 
the chamber where they remained for 5 days. Subsamples of neonates were collected to determine 
initial body mass. During the 5-day period, algal suspension in the chamber continued to be drown off 
at a rate of 150mL d−1 but animals were retained, which maintained the medium volume of 450 mL. At 
the end of experiments, Daphnia individuals in the chamber were pooled and their dry mass was 
measured. Individual growth rate of Daphnia was estimated assuming exponential change in body 
mass. 
The growth rate, the biomass at steady state and the extracellular polymeric substances of 
microalgae were monitored to study the combined effects of CO2 and temperature on the growth of 
microalgae. Both CO2 and temperature change significantly affect the growth rate of green alga S. 
acuminatus, diatom C. meneghiniana and cyanobacteria M. aeruginosa. At both CO2 levels, the growth 
rates of green alga and cyanobacteria increased with increase of temperature, while the growth of 
diatom increased from 20 to 25°C and followed with a decrease at 30°C. Particularly, there was 
significant interaction between CO2 and temperature in their effects on the biomass of mono and mixed 
culture at steady stage. Although green alga dominated in mixed culture with all CO2 and temperature 
treatment, the composition of microalgal communities varied with CO2 and temperature. At both CO2 
levels, the cell proportion of cyanobacteria increased with increasing temperature, while that of green 
alga and diatom decreased. Rising temperature intensified the competition of cyanobacteria with other 
microalgae. Moreover, tryptophan-like fluorescence dominated in fluorescence excitation emission 
matrix (EEM) of microalgal extracellular polymeric substances fractions. By elevated CO2, additional 
fluorescence were also detected in locations attributable to humic-like substance for S. acuminatus, M. 
aeruginosa and mixed culture, which indicated that CO2 affect on the composition of the extracellular 
polymeric substances (EPS) for S. acuminatus, M. aeruginosa and mixed culture. The extracellular 
proteins of S. acuminatus decreased as temperature rose at 1000ppm CO2, while increased at 390ppm. 
The carbohydrates of S. acuminatus increased with increasing temperature and CO2. Both proteins 
and carbohydrates content of C. meneghiniana and M. aeruginosa increased with increase in 
temperature. 
The growth rate of Daphnia, contents of nutrient and fatty acids of algae and fatty acids composition 
of zooplankton were monitored to study the factor that regulates carbon transfer between 
phytoplankton and zooplankton, further to analyze this carbon transfer with increasing temperature 
and CO2. Many studies have shown eicosapentaenoic acid (20:5omega3, EPA) or phosphorus regulate 
the carbon transfer between phytoplankton and zooplankton, due to their function to maintain the 
growth and metabolism of zooplankton. In this study, the EPA to carbon ratio was not related Daphnia 
growth, and the P/C ratio of phytoplankton was weakly, positively correlated to daphnid growth (R2 = 
0.3542, p = 0.002). However, the omega 3 polyunsaturated fatty acids (the total of 18:3, 18:4, 20:5 and 
22:6omega3, ω3 PUFAs) to carbon ratio of phytoplankton has very strong correlation with Daphnia 
growth (R2 = 0.8531, p < 0.001). These results showed the ω3 PUFAs content of phytoplankton is more 
crucial for the growth of zooplankton than EPA or phosphorus content. Moreover, both CO2 and 
temperature significantly affected ω3 PUFAs and P to carbon ratio of algae in mono- and mixed 
cultures. The P/C ratio of microalgae decreased with increased temperature and CO2. The ω3 PUFAs/C 
ratio of S. acuminatus and mixed culture increased with increasing temperature whereas decreased 
with elevated CO2. The ω3 PUFAs/C ratio of C. meneghiniana and M. aeruginosa was decreased by 
increased temperature and CO2. Furthermore, the best generalized linear model (GLM) selected algal 
P/C and ω3 PUFAs/C ratio in addition to temperature and CO2 as meaningful factors in Daphnia 
growth rate among treatments. These results indicate that temperature affected Daphnia growth not 
only directly but also indirectly through changing  food quality (algal P/C and ω3 PUFAs/C ratio). 
Moreover, the best GLM selected algal P/C and ω3 PUFAs/C ratio in addition to CO2 as meaningful 
factors in Daphnia growth rate among treatments. This indicated that CO2 level alter algal P/C and ω3 
PUFAs/C ratio which indirectly affect the growth of herbivorous zooplankton. Finally, the best GLM 
selected temperature as positive factors and CO2 as negative factors, which indicated temperature 
stimulate the carbon transfer in phytoplankton-zooplankton interface while CO2 inhibit this transfer.  
The correlation between EPA composition of Daphnia and their diets was quite striking (R2 = 0.9239, 
p < 0.001), which indicated EPA content of zooplankton is controlled by their diet. The green alga S. 
acuminatus and the cyanobacteria M. aeruginosa had no EPA in all temperature and CO2 treatment, 
while Daphnia fed on these two species contained trace amount of EPA (0.280-0.906μg·mg−1). This 
suggested that zooplankton as a consumer can convert some fatty acids to EPA. Although the EPA 
content of consumer can reflect that of their diet, EPA content of Daphnia was not related Daphnia 
growth. This result further demonstrated EPA content is not a good parameter to predict the carbon 
transfer of the phytoplankton-zooplankton interaction. On the other hand, there was a very strong 
correlation between algal ω3 PUFAs content and daphnid ω3 PUFAs content (R2 = 0.8472, p < 0.001). 
This indicated ω3 PUFAs content of zooplankton is also controlled by their diet. Zooplankton growth 
were strongly related to their ω3 PUFAs content (R2 = 0.7408, p < 0.001), which further indicated the 
ω3 PUFAs/C ratio is the good predictor for the carbon transfer between phytoplankton and zooplankton. 
Finally, to elucidate the effects of temperature and CO2 on the ω3 PUFAs content of Daphnia, the GLM 
model best explained the variations in the ω3 PUFAs content of Daphnia were determined by using 
temperature, CO2 level and algal ω3 PUFAs to carbon ratio as explanatory variables. The best model 
selected ω3 PUFAs to carbon ratio of algae as explanatory variable, which indicated neither 
temperature nor CO2 have direct effect on the ω3 PUFAs content of Daphnia. Temperature ranged 20 
to 30 °C has no direct effect on the ω3 PUFAs content of Daphnia. The range of temperature in this 
study is optimal for the growth of zooplankton. Daphnia does not have to modify their ω3 PUFAs 
content to adapt the change of temperature. Hence, the ω3 PUFAs content of food source rather than 
temperature and CO2 regulate the ω3 PUFAs content of Daphnia. 
In this study, it was revealed that temperature affect zooplankton growth not only directly but also 
indirectly through changing food quality (algal P/C and ω3 PUFAs/C ratio), which stimulate the carbon 
transfer between phytoplankton and zooplankton. Elevated CO2 decrease P/C and ω3 PUFAs/C ratios 
of phytoplankton, which indirectly affect herbivore zooplankton and further inhibit this carbon transfer. 
These indicated that climate change with simultaneous increasing temperature and CO2 may entangle 
the carbon transfer in freshwater planktonic communities. 
 
